Regulation of insulin gene expression in response to increases in blood glucose levels is essential for maintaining normal glucose homeostasis; however, the exact mechanisms by which glucose stimulates insulin gene transcription are not known. We have shown previously that glucose stimulates insulin gene expression by causing the hyperacetylation of histone H4 at the insulin promoter. We demonstrate that the histone acetyltransferase p300 is recruited to the insulin promoter only at high concentrations of glucose via its interaction with the ␤-cell-specific transcription factor Pdx-1. Disruption of the function of the endogenous Pdx-1 abolishes the recruitment of p300 to the insulin gene promoter at high concentrations of glucose and results in decreased histone H4 acetylation and insulin gene expression. Furthermore, we demonstrate that the glucose-dependent interaction of Pdx-1 with p300 is regulated by a phosphorylation event that changes the localization of Pdx-1. Based on these data, we conclude that hyperacetylation of histone H4 at the insulin gene promoter in response to high concentrations of glucose depends on the ␤-cell-specific transcription factor Pdx-1, which is required for the recruitment of the histone acetyltransferase p300 to the insulin gene promoter. (Molecular Endocrinology 18: 2279-2290, 2004)
I
NSULIN GENE TRANSCRIPTION in the ␤-cells of the pancreas is up-regulated by increases in blood glucose levels. ␤-Cell-specific expression and glucose stimulation of the human insulin gene in the pancreas are mediated by upstream sequences within the region Ϫ90 to Ϫ340 relative to the transcription start site (1) (2) (3) (4) . Several transcription factors such as Pdx-1 and MafA (Ripe3b1) have been implicated in glucose regulation of insulin gene expression; however, the exact mechanism(s) by which these transcription factors stimulate insulin gene expression is unknown.
Deletion analysis of the insulin gene promoter indicated that the A3 element, to which Pdx-1 binds, is essential for glucose regulation of insulin gene expression (5) (6) (7) . This indicates that Pdx-1 plays a major role in glucose regulation of insulin gene transcription. Pdx-1, a ␤-cell-specific homeodomain transcription factor (7) (8) (9) (10) (11) (12) , is also essential for pancreas development (13, 14) . Homozygous Pdx-1 knockout mice fail to develop a pancreas, whereas heterozygous Pdx-1 mice survive and have a normal pancreas but become glucose intolerant and display impaired insulin production (13) (14) (15) . Pdx-1 has been implicated in the glucose regulation of insulin gene transcription in a number of different systems. Psammomys obesus, a rodent model of type II diabetes (16) , has 80-90% lower insulin content due to defects in glucose-stimulated insulin gene transcription (17, 18) . This decrease in insulin levels in response to glucose appears to be caused by the absence of Pdx-1, whereas a number of other regulators of the insulin gene, including MafA (Ripe3b1), are not affected (18) . The NES2Y cell line was isolated from patients with persistent hyperinsulinemic hypoglycemia of infancy (19) . These cells lack Pdx-1, and although they express the insulin gene, they fail to up-regulate insulin gene transcription in response to high glucose levels (20) . It has also been shown that decreases in Pdx-1 levels in mice using antisense RNA lead to decreased insulin gene transcription (21) . In addition to the insulin gene, Pdx-1 has also been implicated in regulation of Glut2, glucokinase, islet amyloid polypeptide, and somatostatin gene expression (11, 12, (22) (23) (24) (25) .
Histone acetylation has been shown to play an important role in regulated gene expression, and increases in histone acetylation correlate with increased gene expression (reviewed in Ref. 26 ). The steadystate level of histone acetylation is maintained by the coordinate action of histone acetyltransferases and histone deacetylases, which mediate activation and repression of gene expression, respectively (26) . We have demonstrated recently that glucose regulation of Abbreviations: CBP, CREB-binding protein; ChIP, chromatin immunoprecipitation; CREB, cAMP response elementbinding protein; GFP, green fluorescent protein; HEK, human embryonic kidney; KRB, Krebs-Ringer bicarbonate; MIN6, mouse insulinoma 6; PMSF, phenylmethylsulfonylfluoride; SDS, sodium dodecyl sulfate.
insulin gene expression involves hyperacetylation of histone H4 at the insulin gene promoter. Whereas histone H4 acetylation levels at the insulin promoter are low in the presence of low concentrations of glucose, the histone H4 acetylation levels increase by about 5-fold in response to high concentrations of glucose (27) . The ␤-cell-specific transcription factor Pdx-1 and the histone acetyltransferase p300 have been shown previously to interact with each other in vivo and in vitro (28) . Because this interaction appears to be required for insulin gene transcription (28, 29) , in this study we tested whether Pdx-1 and p300 are important for hyperacetylation of histone H4 at the insulin gene promoter in response to glucose.
RESULTS

Glucose Mediates Hyperacetylation of Histone H4 at the Insulin Gene Promoter in Isolated Rat Islets
We have shown previously that high concentrations of glucose lead to hyperacetylation of histone H4 at the insulin gene promoter in the mouse insulinoma (MIN6) cell line, which correlated with increased insulin gene expression (27) . To confirm the data obtained using the MIN6 cell line, we have performed the chromatin immunoprecipitation (ChIP) assay using isolated rat islets with antiacetyl histone H3 or H4 antibodies. For this purpose, isolated rat islets were preincubated with 3 mM glucose for 90 min and transferred to 3 or 20 mM glucose for 2 h. As in MIN6 cells, exposure of isolated rat islets to high concentrations of glucose led to about 5-fold increase in histone H4 acetylation, whereas the level of acetylated histone H3 did not significantly change (Fig. 1) . This is consistent with previous data obtained from MIN6 cells indicating that glucose induces insulin gene transcription by causing hyperacetylation of histone H4 (27) .
The Histone Acetyltransferase p300 Is Recruited to the Insulin Gene Promoter in a GlucoseDependent Manner
Because the histone acetyltransferase p300 has previously been implicated in the regulation of the insulin gene (28, 29) , we tested the possibility that p300 was involved in the hyperacetylation of histone H4 in response to glucose. To test this idea, we analyzed the recruitment of p300 to the insulin gene promoter in MIN6 cells incubated with low (3 mM) or high (30 mM) glucose for 2 h by using the ChIP assay with antibodies against p300, which do not cross-react with cAMP response element-binding protein (CREB)-binding protein (CBP) (Fig. 2A) . We found that the histone acetyltransferase p300 was associated with the insulin gene promoter only in the presence of high concentrations of glucose ( Fig. 2A) . Analysis of the same immunoprecipitated and total DNA with primers against the pklr [L-type pyruvate kinase (30) ] promoter, which is always acetylated in a glucose-independent manner (data not shown), indicated that p300 was recruited to the pklr promoter independent of the concentration of glucose ( Fig. 2A) . In addition, we confirmed the recruitment of the histone acetyltransferase p300 to the insulin gene promoter at high concentrations of glucose (20 mM) in isolated rat islets (Fig. 2B ). These data demonstrate that the histone acetyltransferase p300 is recruited to the insulin gene promoter only at high concentrations of glucose.
Glucose Regulation of Histone H4 Acetylation at the Insulin Gene Promoter Requires the ␤-CellSpecific Transcription Factor Pdx-1
Previous data indicate that the transcription factor Pdx-1, which is required for glucose regulation of insulin gene expression, is able to interact with the histone acetyltransferase p300 (28) . Therefore, we tested whether Pdx-1 plays a role in glucose-mediated hyperacetylation of histone H4 at the insulin gene promoter. For this purpose, MIN6 cells were infected with The histone acetylation levels associated with the rat insulin I gene promoter were analyzed in isolated rat islets incubated with 3 or 20 mM glucose for 2 h using the ChIP assay with antiacetyl histone H3 or H4 antibodies. Rabbit IgG was used as negative control (panel A). The quantification of the data is shown as means Ϯ SD, n ϭ 3 (panel B).
an adenovirus expressing a dominant negative form of Pdx-1 (Ad-Pdx-1⌬1-79), which is able to bind to the insulin gene promoter but is unable to stimulate transcription. This dominant negative Pdx-1 lacks the first 79 amino-terminal amino acids containing the transactivation domain (Fig. 3A) . The Pdx-1⌬1-79 construct was tagged with a triple myc epitope and expressed from the CMV promoter using the pAdTrackCMV vector (31) . The expression of this truncated version of Pdx-1 was confirmed by immunoblotting of cell extracts of MIN6 cells infected with Pdx-1⌬1-79 adenovirus using myc antibodies (Fig. 3A) . The dominant negative Pdx-1 protein was able to compete with the endogenous Pdx-1 for binding to the insulin gene promoter. In MIN6 cells expressing the dominant negative Pdx-1, binding of the endogenous Pdx-1 to the insulin gene promoter was completely abolished as demonstrated by ChIP assay with Pdx-1 antibodies that recognize the amino terminus of Pdx-1 that is deleted in Ad-Pdx-1⌬1-79 (Fig. 3B) . ChIP assay analysis of the binding of the dominant negative protein to the insulin gene promoter using myc antibodies (which only detects the Pdx-1⌬1-79), indicates that this protein is able to bind on both low and high concentrations of glucose similar to wild-type Pdx-1 (Fig. 3C) . Consistent with previous data (32), we found that expression of Pdx-1⌬1-79 caused a drastic reduction in endogenous Pdx-1 levels by immunoblotting with antibodies specific for the Pdx-1 N terminus (data not shown). Thus, the Pdx-1⌬1-79 protein disrupts the function of the endogenous Pdx-1 by reducing its expression level and by competing for binding to the insulin gene promoter.
To test the effects of the dominant negative Pdx-1 protein on histone acetylation at the insulin gene promoter, MIN6 cells infected with Ad Pdx1-⌬1-79 or a green fluorescent protein (GFP) control virus (original vector expressing GFP only) were incubated with low (3 mM) or high (30 mM) glucose for 2 h and then used for ChIP assays with antiacetyl histone H4 antibodies.
Comparison of MIN6 cells infected with the control GFP vs. the Ad-Pdx-1⌬1-79 virus show that the level of histone H4 acetylation in MIN6 cells overexpressing the dominant negative form of Pdx-1 is diminished at high concentrations of glucose (Fig. 4A ). Despite the decrease in histone H4 acetylation, as observed in MIN6 cells infected with Ad-Pdx-1⌬1-79, the histone H4 acetylation level was still higher than on cells grown on low glucose. This is likely due to the fact that only about 80-85% of the cells were infected and the remaining 15-20% that do not express the dominant negative Pdx-1 protein still display normal hyperacetylation of histone H4 in response to high concentrations of glucose. Statistical analysis of the data obtained from three independent experiments indicates that overexpression of the dominant negative protein Pdx-1⌬1-79 causes a significant decrease in histone H4 acetylation (Fig. 4B) .
To verify that decreased histone H4 acetylation due to overexpression of the dominant negative Pdx-1 leads to decreases in insulin gene transcription, the level of insulin mRNA in MIN6 cells, incubated with 3 or 30 mM glucose and infected with GFP or pAd-Pdx-1⌬1-79 virus, was analyzed using RT-PCR. As shown in Fig. 4C , expression of Pdx-1⌬1-79 results in downregulation of insulin gene expression, which correlates with the observed decrease in histone H4 acetylation at the insulin gene promoter (Fig. 4 , C and D).
It has been shown previously that the interaction of Pdx-1 with p300 requires the activation domain of Pdx-1 (28) . To test the recruitment of p300 to the insulin promoter in MIN6 cells overexpressing Pdx-1⌬1-79, the cells were incubated with low or high concentrations of glucose for 2 h and subjected to ChIP assay using p300 antibodies for immunoprecipitation. Consistent with previous data, in MIN6 cells expressing the GFP virus as control, p300 was recruited to the insulin gene promoter only at high concentrations of glucose, whereas MIN6 cells infected with the Pdx-1⌬1-79 virus did not show recruitment of p300 to the insulin gene promoter (Fig. 4E ). Recruitment of p300 to the pklr promoter used as control was not affected by the Pdx-1⌬1-79 construct, because pklr is not regulated by Pdx-1. These data indicate that a functional Pdx-1 protein is required to mediate the glucose-regulated hyperacetylation of histone H4 at the insulin gene promoter and for the recruitment of p300 in a glucose-dependent manner. The analysis of p300 recruitment to the insulin gene promoter was determined using the ChIP assay with p300 antibodies (panel E, n ϭ 3).
Pdx-1 Interacts with the Histone Acetyltransferase p300 in a GlucoseDependent Manner In vivo
Our data indicate that p300 is recruited to the insulin gene promoter in MIN6 cells and isolated rat islets only at high concentrations of glucose (Fig. 2) and that a functional Pdx-1 protein is required for the recruitment of p300 (Fig. 4) . Furthermore, previous data indicate that Pdx-1 is able to interact with p300 in vivo as well as in vitro (28) . To test whether the interaction of Pdx-1 with p300 occurs in a glucose-regulated manner, MIN6 cell extracts of 3 or 30 mM glucose-incubated cells were used for coimmunoprecipitation experiments with either Pdx-1 or p300 antibodies (Fig. 5) . The immunoprecipitation experiment was also carried out with rabbit IgG as control. We found that the histone acetyltransferase p300 coimmunoprecipitates with Pdx-1 and that the interaction of Pdx-1 with p300 is increased on high concentrations of glucose (Fig.  5A ). Similar data were obtained by using p300 antibodies for immunoprecipitation (Fig. 5C ). These data show that the interaction of Pdx-1 with p300 is stronger in the presence of high concentrations of glucose.
The Interaction of Pdx-1 with p300 Occurs Constitutively in MIN6 Cells Treated with Okadaic Acid
To determine whether a phosphorylation event is involved in the glucose-regulated interaction between Pdx-1 and p300, we have treated MIN6 cells with the protein phosphatase inhibitor okadaic acid. MIN6 cells were grown overnight on high glucose media without serum and then switched to media containing 3 mM glucose with or without 0.1 M okadaic acid, or 30 mM glucose for 5 h. After preparation of cell extracts, coimmunoprecipitation experiments were performed using p300 antibodies or rabbit IgG as control. The obtained immunoprecipitates were separated by 10% SDS-PAGE and used for immunoblotting with Pdx-1 antibodies (Fig. 6A) . We found that the histone acetylase p300 coimmunoprecipitates with Pdx-1 in the presence of high glucose concentrations as well as under low glucose (3 mM) condition when cells are treated with okadaic acid (Fig. 6A) . This suggests that a dephosphorylation event on low glucose prevents the interaction of Pdx-1 with p300.
Consistent with previous data, immunohistochemical analysis of the localization of Pdx-1 indicates that a major portion of Pdx-1 localizes to nuclear periphery in cells incubated with low glucose, whereas p300 remains localized throughout the nucleus (Fig. 6B) . On high glucose both Pdx-1 and p300 are localized to the nucleoplasm (Fig. 6B) . The localization of Pdx-1 to nuclear periphery under low glucose conditions is blocked by treatment with okadaic acid (Fig. 6B ). These data indicate that the localization of Pdx-1 correlates with its ability to interact with p300. The interaction of Pdx-1 with p300 on low glucose is weak, and a portion of Pdx-1 is localized to nuclear periphery; however, disruption of this localization by treatment with okadaic acid allows Pdx-1 to interact with p300 even on low glucose (Fig. 6 ).
The Temporal Recruitment of the Histone Acetyltransferase p300 Correlates with the Hyperacetylation Histone H4 and Insulin Gene Transcription
To determine the temporal pattern of histone H4 acetylation, the recruitment of p300, and induction of insulin gene transcription, MIN6 cells were first incubated for 16 h on low glucose and then switched to Extracts from MIN6 cells incubated with 3 or 30 mM glucose were used to immunoprecipitate Pdx-1 or p300. The obtained precipitates were immunoblotted with either p300 (panels A and D) or Pdx-1 antibodies (panels B and C), respectively. The amount of Pdx-1 (panel B) or p300 (panel D) immunoprecipitated from low and high glucose extracts was roughly equal. Rabbit IgG was used as a negative control for immunoprecipitation. Hc, Heavy chain. Similar data were obtained in two independent experiments (n ϭ 2). high (30 mM) glucose. The cells were harvested at the indicated time points and used for ChIP assays and RT-PCR. We found that histone H4 acetylation levels at the insulin promoter increase within 30 min of exposure of MIN6 cells to high concentrations of glucose (Fig. 7A) . The antibody used in our studies recognizes tri-or tetraacetylated histone H4, which can be acetylated at lysine residues K5, K8, K12, and K16. To determine whether specific lysine residues are acetylated in response to glucose, we used antibodies generated against single acetyl residues in histone H4, using the same conditions as described above (Fig.  7B) . We found that glucose causes hyperacetylation of histone H4 lysine 5, 8, and 12 within 30 min, whereas acetylation of lysine 16 was observed after 1 h exposure to high glucose (Fig. 7B) . This indicates that the acetylation of the histone H4 single-lysine residues is regulated in time-dependent manner. Analysis of the recruitment of the histone acetyltransferase p300 by ChIP assay (Fig. 7A) indicates that it is rapidly recruited to the insulin gene promoter in response to high concentrations of glucose. The increase in p300 recruitment correlates with the rapid acetylation of histone H4 K5, K8, and K12. Increases in insulin mRNA levels follow the hyperacetylation of histone H4 and the recruitment of p300 after exposure to high glucose with maximal expression around 6-8 h.
DISCUSSION
High blood glucose levels stimulate insulin gene expression in the ␤-cells of the pancreas. Although several transcription factors have been implicated in glucose-induced transcription of the insulin gene, the exact molecular mechanisms leading to up-regulation of insulin gene expression are unknown. We have discovered recently that glucose stimulates insulin gene transcription by causing the hyperacetylation of histone H4 at the insulin promoter (27) . Because previous data indicate that the transcription factor Pdx-1, a major regulator of insulin gene expression, interacts with the histone acetyltransferase p300 (28), we investigated whether Pdx-1 and p300 are required for hyperacetylation of histone H4 in response to glucose. We demonstrate that the histone acetyltransferase p300 is recruited to the insulin gene promoter only at high concentrations of glucose in both MIN6 cells and isolated rat islets and that this recruitment requires a functional Pdx-1 protein. Furthermore, the temporal pattern of the recruitment of the histone acetyltransferase p300 to the insulin gene promoter correlates with the hyperacetylation of histone H4 and induction of insulin gene transcription.
The recruitment of p300 to the insulin gene promoter and its interaction with the transcription factor Pdx-1 are regulated by glucose and occur mainly at high concentrations of glucose. The regulation of the interaction of Pdx-1 with p300 by glucose appears to involve a phosphorylation event, because inhibition of protein phosphatases by treatment with okadaic acid enhances Pdx-1 interaction with p300 even under low glucose conditions. It has been previously shown that Pdx-1 changes its subcellular localization in response to glucose (33, 34) . In the presence of low glucose, Pdx-1 is localized to the nuclear periphery, and it translocates to the nucleoplasm in response to high concentrations of glucose. Treatment of MIN6 cells with okadaic acid blocks the localization of Pdx-1 to nuclear periphery on low glucose (Ref. 34 and Fig. 6B ) and enhances the interaction of Pdx-1 with p300 (Fig.  6A ). Based on these data, we propose that at high concentrations of glucose, a phosphorylation event causes the localization of Pdx-1 to the nucleoplasm, which enables its interaction with p300. On low glucose, a dephosphorylation event causes a major portion of Pdx-1 to localize to nuclear periphery where it is unable to interact with p300.
A recent report indicates that Pdx-1 interacts with importin ␤ 1, which appears to regulate the localization of Pdx-1 (35) . However, the regulation of this interaction by glucose has not been investigated. Interestingly, it has been demonstrated that the activation domain of Pdx-1 localizes to nuclear periphery, probably due to its interaction with an unknown retention or anchoring protein (35) . Because the activation domain of Pdx-1 is sufficient for its interaction with p300 (28), the interaction of the activation domain with a membrane-anchoring protein on low glucose would make this domain inaccessible for interaction with p300. On high glucose, the interaction of the activation domain with the membrane-anchoring protein would be interrupted due to a phosphorylation event, causing the translocation of Pdx-1 to the nucleoplasm, and the activation domain would be available for interaction with p300. Because Pdx-1 and p300 can interact with each other in vitro, this suggests that phosphorylation of Pdx-1 is not essential for this interaction. We believe that the phosphorylation event is required for translocation of Pdx-1 from nuclear periphery to the (Eastman Kodak, Rochester, NY) and by normalizing to the amount of immunoprecipitated p300. Similar data were obtained in four independent experiments (n ϭ 4), and the fold increase is the average of four independent experiments with a SD less than 20%. B, Analysis of Pdx-1 and p300 subcellular localization on low-or high-glucose-incubated MIN6 cells, using confocal microscopy. MIN6 cells were incubated with 3 mM glucose in the presence or absence of 0.1 M okadaic acid (OA) or with 30 mM glucose and then fixed in ice-cold methanol (34) . Immunohistochemical analysis was performed by using primary antibodies against Pdx-1 (anti-Pdx-1) or p300 (anti-p300). Pdx-1 and p300 were visualized with antirabbit Alexa Fluor 488 secondary antibodies (green). Nuclei were stained with 4Ј,6-diamidino-2-phenylindole (blue).
nucleoplasm, thereby enabling Pdx-1 to interact with p300.
The histone acetyltransferase p300 has been shown to interact with several transcription factors in a regulated manner and is recruited to the various promoters in response to different stimuli (36, 37) . For example, p300 and CBP interact with the transcription factor CREB (CRE-binding protein) only when CREB is activated by protein kinase A phosphorylation in response to increased cAMP levels (38) . The histone acetyltransferases, GCN5 and CBP, are recruited to the interferon ␤ (IFN␤) promoter in response to viral induction, which increases IFN␤ expression (39, 40) . The expression of the CATD gene requires the recruitment of p300, CBP, and p300/CBP-associated factor in response to estrogen (41) . The finding that glucose stimulates the acetylation of histone H4 K5, K8, and K12 within 30 min after shifting to high glucose (Fig.  7B) is consistent with the hypothesis that p300 is likely responsible for the glucose-regulated hyperacetylation of histone H4 because the timing of acetylation correlates with the recruitment of p300 (Fig. 7A) . These data indicate that the histone acetyltransferase activity of p300 plays an important role in insulin gene regulation. This provides additional evidence to explain the mechanism of insulin gene regulation on high glucose, whereas previous data led to the theory that p300 functions as a scaffold at the insulin promoter to stabilize the interaction between Pdx-1 and NeuroD, which may also play an important role in the regulation (28) . Acetylation of the histone H4 lysine residues K5, K8, and K12 at the insulin gene promoter precedes the increase in insulin mRNA levels. Therefore, it is possible that acetylation of specific lysine residues in histone H4 may play a role in the recruitment of the basal transcription complex. Alternatively, acetylation of histone H4 K5, K8, and K12 could be important for the recruitment of a chromatin remodeling complex such as SWI/SNF or for the direct recruitment of TFIID.
The induction of the collagenase gene by mitogens involves several different histone modifications at this promoter. Histone H3 methylation and phosphorylation, in addition to histone H3 and histone H4 acetylation, appears to be required for activation of collagenase gene expression (42) . Therefore, increasing histone H3 and histone H4 acetylation at the collagenase promoter by inhibition of histone deacetylases with trichostatin A has no effect on collagenase expression because of the lack of histone H3 methylation and phosphorylation induced by mitogens (42) . We have previously shown that treatment of low glucosegrown MIN6 cells with trichostatin A results in elevated levels of histone H4 acetylation, which causes induction of insulin gene expression even in the absence of high concentrations of glucose (27) . This indicates that the hyperacetylation of histone H4 in response to high concentrations of glucose is the major mechanism of histone modification at the insulin gene promoter involved in glucose induction.
Our studies, along with previous ones (32, 43) , indicate that Pdx-1 itself plays a major role in the regulation of its own expression by an undefined autoregulatory mechanism. Decreases in endogenous Pdx-1 levels in individuals that are heterozygous for the Pro63fsdelC mutation (lacks the activation domain of Pdx-1 and functions as a dominant negative like Pdx- 1⌬1-79) have been associated with the development of type 2 diabetes mellitus (43) . In addition, decreases in Pdx-1 expression levels have been shown to result in diminished insulin gene expression (17, 21) , strongly reduced glucose-stimulated insulin secretion (44) , and decreased ␤ cell mass (44) . Decreases in Pdx-1 expression levels are also observed in animal models of non-insulin-dependent diabetes mellitus [such as Psammomys obesus (17, 18) and the Otsuka LongEvans Tokushima Fatty rat (45)] or are caused by diabetogenic stimuli [such as increased fatty acids (46) or glucocorticoids (47)]. Decreases in Pdx-1, p300, and CBP expression have been correlated with decreases in insulin gene transcription and the development of diabetes in a transgenic model of Huntington's disease (48). Based on our data, we hypothesize that decreases in Pdx-1 expression result in diminished glucose-induced insulin gene transcription by abolishing the recruitment of the histone acetyltransferase p300 and the hyperacetylation of histone H4 at the insulin gene promoter in response to glucose.
MATERIALS AND METHODS
Experimental Animals
The isolation of rat islets was conducted according to approved protocols and accepted standards of humane animal care.
Cell Culture
Mouse insulinoma-6 (MIN6) cells of passages 22-30 were cultured in DMEM containing 25 mM glucose, 10% (vol/vol) fetal bovine serum, 1% penicillin/streptomycin, 2 mM glutamine, and 100 M ␤-mercaptoethanol (49). To carry out the glucose regulation experiments, MIN6 cells were grown overnight in DMEM with 25 mM glucose without serum and were washed three times with 1ϫ PBS and transferred to 3 or 30 mM glucose containing media for 2 h unless otherwise indicated.
Isolation of Rat Islets
Islets were isolated from male Sprague Dawley rats (250-300 g) by collagenase digestion as described previously (50) and cultured overnight at 37 C in an atmosphere of 95% air and 5% CO 2 in complete CMRL-1066 tissue culture medium (CMRL-1066 containing 2 mmol/liter L-glutamine, 10% heatinactivated fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin). For the glucose regulation experiments, rat islets were washed three times in Krebs-Ringer bicarbonate buffer (KRB: 25 mM HEPES, 115 mM NaCl, 24 mM NaHCO 3 , 5 mM KCL, 1 mM MgCl 2 , 2.5 mM CaCl 2 , and 0.1% BSA, pH 7.4) containing 3 mM D-glucose for 90 min, followed by a 2-h incubation in KRB buffer containing either 3 or 20 mM glucose. The rat islets were washed twice with BSA-free KRB buffer containing either 3 or 20 mM glucose before cross-linking with formaldehyde (1%). After addition of 125 mM glycine, the islets were centrifuged at 2000 ϫ g and washed two times with PBS. The islet pellets were then solubilized in 400 l sodium dodecyl sulfate (SDS)-lysis buffer [15 mM Tris-HCl, pH 8.0; 10 mM EDTA, 1% SDS, and 1 mM phenylmethylsulfonylfluoride (PMSF)] and stored at Ϫ70 C. The ChIP assay with rat islets was carried out as described below. Approximately 100 rat islets per condition were used.
ChIP Assay and PCR
Chromatin isolation was performed as previously published (27, 51) . The antibodies used for immunoprecipitation in ChIP assays were antidiacetyl-histone H3, tetraacetyl H4, histone H4-acetyl K5, K8, K12, K16 (Upstate Biotechnology, Inc., Lake Placid, NY); the c-myc (E910) and p300 (N-15) antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The Pdx-1 antibodies used in this study are directed against the N terminus and were kindly provided by Chris Wright (Vanderbilt University, Nashville, TN). All PCRs were performed on a Robocycler Gradient 96 (Stratagene, La Jolla, CA) in a 20-l reaction volume containing: 50 mM KCl; 10 mM Tris-HCl, pH 8.3; 1.5 mM MgCl; 200 M deoxynucleotide triphosphates; and 2 l of primers (2.5 pmol/l) as described previously (27) . The linear range for each primer pair was determined empirically, using different cycle numbers and by real-time PCR using an ABI 7700 (Applied Biosystems, Foster City, CA). The primers used are GAAGGTCTCACCTTCTGG and GGGGGTTACTGGATGCC for the mouse insulin I promoter (from Ϫ10 to Ϫ281) (27) ; TCTTGCAGCCCCAGTC-CCACACTT and CCTGGAGCCCCACTTAAAGCAGAC (ϩ11 to ϩ 139) for the L-type pyruvate kinase (pklr) promoter (52); and GCTCAGCCAAGGAAAAAGAGG and GTTACTGG-GTCTCCACTAGA for the rat insulin I promoter (from Ϫ10 to Ϫ312). The PCR conditions were 10 min at 95 C and 25 cycles of 1 min at 95 C, 2 min at 58 C, and 1 min at 72 C. Each PCR was performed at least three independent times for each independent sample. The PCR products obtained with the immunoprecipitated DNA were normalized to that of total input DNA. The bands were visualized using a ChemiDoc System Bio-Rad Imager (Bio-Rad Laboratories, Inc., Hercules, CA) and quantified using Quantity One Imaging Software (Bio-Rad) as a function of both band size and band intensity (intensity/mm 2 ). The PCR products obtained had the expected molecular size, and their identity was confirmed by sequencing.
Preparation of Cell Extracts and Coimmunoprecipitation Assay
Whole-cell extracts from MIN6 cells incubated with 3 or 30 mM glucose were prepared as described previously by using 1% Nonidet P-40 for lysis of the cells (53). Extracts for coimmunoprecipitation assays were prepared using the following lysis buffer: 50 mM Tris-Cl, pH 8.0; 20% glycerol; 140 mM NaCl; 0.5% Nonidet P-40; 5 mM MgCl 2 . 0.2 mM EDTA; 1 mM dithiothreitol; 1 mM PMSF; and protease inhibitors. After removal of cellular debris by centrifugation, the obtained supernatant was diluted with 4 volumes of dilution buffer (50 mM Tris-Cl, pH 7.5; 10% glycerol; 5 mM MgCl 2 ; 0.2 mM EDTA; 1 mM dithiothreitol; 1 mM PMSF; and protease inhibitors). The Pdx-1 and p300 antibodies used for immunoprecipitation were the same as used for the ChIP assays. Immunoprecipitation was carried out overnight at 4 C, followed by incubation with protein A-Sepharose 4 Fast Flow (Amersham Biosciences, Arlington Heights, IL) for 1-2 h. The pellets were washed six times in 1 ml of wash buffer (50 mM Tris-Cl, pH 7.5; 10% glycerol; 100 mM NaCl; 0.1% Nonidet P-40; 1 mM EDTA) and resuspended in 2ϫ SDS sample buffer. Rabbit IgG-Agarose (Sigma Chemical Co., St. Louis, MO) was used as a negative control for nonspecific binding. The antibodies used for immunoblotting are the same as given above for Pdx-1 and p300, and c-myc (9E10, Santa Cruz). Proteins were visualized using the enhanced chemiluminescent detection system (Amersham Biosciences).
RNA Isolation and RT-PCR
Poly A RNA from total RNA was isolated using the GenElute Direct mRNA Miniprep Kit (Sigma) according to the manufacturer's instructions. The obtained poly A RNA was reverse transcribed using Enhanced avian myeloblastosis virus reverse transcriptase (Sigma). The resulting cDNAs were used as template for PCR with oligonucleotides to amplify the insulin and ␤-actin genes. The primers used are CCTGTTG-GTGCACTTCCTAC and TGCAGTAGTTCTCCAGCTGC for the mouse insulin I gene (54), and CGTGGGCCGCCCTAG-GCAACC and TTGGCCTTAGGGTTCAGGGGGG for the ␤-actin gene (55). The primers for the ␤-actin gene cross an intron so that contamination with genomic DNA can be detected, which would result in a PCR product of 330 bp vs. 243 bp from the cDNA (55). PCRs (20 l volume) contained 20 ng cDNA, 300 M deoxynucleotide triphosphates, 2.5 pmol of appropriate oligonucleotide primers, and 1.5 U of JumpStart AccuTaq LA DNA polymerase (Sigma). PCR amplification conditions were as follows: 5 min at 95 C followed by 26 cycles of 95 C for 30 sec, 58 C for 1 min, and 72 C for 30 sec. The PCR products were separated on 8% nondenaturing polyacrylamide gels and stained with ethidium bromide (Sigma). The bands were visualized as described in ChIP Assay.
Construction of Pdx-1⌬1-79 Recombinant Adenovirus
The Ad-Pdx-1⌬1-79 adenovirus, which lacks the first 79 amino-terminal amino acids containing the activation domain, was constructed using the AdEasy adenoviral system as described previously (31, 56) . To generate the Pdx-1⌬1-79 recombinant virus, the mouse Pdx-1 cDNA lacking the first 237 bp was amplified by PCR and subcloned into the pACCMV-myc vector in frame with a triple myc tag as BamHI/ SalI fragment. The resultant plasmid was cut with HindIII to relieve Pdx-1⌬1-79 fused to myc, which was then subcloned into the HindIII site of the shuttle vector pAdTrack-CMV (31). The obtained plasmid was cotransformed into Escherichia coli BJ 5183 cells with pAdEasy-1 plasmid containing the adenoviral genome. After recombination in bacteria, the obtained plasmid was transformed into E. coli DH5␣ cells, and the prepared plasmid DNA was linearized and used to transfect human embryonic kidney (HEK) 293 cells using LipofectAMINE (Life Technologies, Inc., Gaithersburg, MD) according to the manufacturer's instructions. The HEK 293 cell lysate was used for additional viral amplification by several rounds of infection of HEK 293 cells. MIN6 cells were infected with a MOI 80-100 using a 2-h exposure to the adenovirus (56).
Immunohistochemical Analysis
MIN6 cells were grown on acid-washed coverslips. Cells were fixed in methanol and permeabilized in 0.1% Triton as described previously (34) . Endogenous Pdx-1 and p300 were visualized with the same antibodies as used for immunoprecipitation, followed by Alexa Fluor 488-conjugated goat antirabbit IgG antibodies (Molecular Probes, Inc., Eugene, OR) as the secondary antibodies. Coverslips were mounted using Vectashield (Vector Laboratories, Inc., Burlingame, CA) containing 4Ј,6-diamidino-2-phenylindole to visualize the cell nuclei. Immunofluorescence microscopy was carried out using a laser scanning confocal microscope (Leica Corp., Deerfield, IL).
Statistical Analysis
Comparison of the histone H4 acetylation and insulin gene expression levels from MIN6 cells grown on 3 or 30 mM glucose was performed using the two-tailed, unpaired Student's t test. A P value less than 0.05 was considered statistically significant. Data are expressed as means Ϯ SD. and reduce GLUT2, glucokinase, insulin, and somatostatin levels. J Biol 
